Cucumber mosaic cucumovirus (CMV) infection but not tomato black ring nepovirus infection counteracted post-transcriptional gene silencing (PTGS) of nitrate reductase (Nia) or ␤-glucuronidase (uidA) transgenes in newly developing leaves of tobacco and Arabidopsis plants. PTGS did not affect meristems of noninfected silenced plants, indicating that the interfering effect of CMV is not likely to occur in the meristem. Models are proposed to explain how CMV (which has no sequence similarity to the Nia or uidA transgenes) can inhibit cellular factors involved in the RNA degradation step of PTGS and/or inhibit the systemic spread of the silencing signal to tissues emerging from the meristem.
Post-transcriptional gene silencing (PTGS) results from the degradation of RNA after transcription. It can affect transgenes that do not share any homology with the host genome, or it can simultaneously affect host genes and transgenes sharing homology within their transcribed region (cosuppression). Links between PTGS and plant±virus interactions have been proposed for several years. Transgenic plants showing PTGS of transgenes expressing viral sequences can resist infection by the corresponding virus (for a review, see 1). In addition, infection by viruses carrying host gene or transgene sequences can induce silencing of the corresponding (trans)genes (2, 3) . Finally, certain types of natural virus resistance in wild-type plants occur via a PTGS-like mechanism: sequencespecific RNA degradation (4, 5) . By studying cosuppression of nitrate reductase (Nia) host genes and transgenes, we showed that the setting of cosuppression has parallels with the successive stages of virus infection. Nia cosuppression starts on a single leaf as a clearly visible chlorotic spot; then silencing-induced chlorosis spreads to the whole plant, first invading cells adjacent to veins and then interveinal tissues (6) . The chlorotic spot can be considered to be analogous to the primary focus of viral infection, and propagation of cosuppression to the remainder of the plant resembles the systemic spread of the virus. Another similarity is that Nia cosuppression propagates via a systemic signal that is graft transmissible, much like vi-ruses (7) . To further assess the relationship between plant±virus interactions and PTGS, we investigated the effect of cucumber mosaic cucumovirus (CMV) or tomato black ring nepovirus (TBRV) infection on PTGS of Nia host genes and transgenes and on PTGS of a foreign transgene encoding ␤-glucuronidase (uidA). These viruses were chosen because they produce mild but visible symptoms and do not strongly affect the development of tobacco and Arabidopsis plants.
The setting of Nia cosuppression or uidA PTGS in nonsilenced tobacco plants is prevented by CMV infection CMV strain R was used to infect homozygous individuals of transgenic tobacco line 27-44.7, which carries a 35S-Nia transgene. At each generation, ϳ40% of individuals derived from this line exhibit Nia cosuppression, with a distinctive visible pattern of chlorosis appearing Ͼ35 days after germination (8) . Plants were mechanically inoculated 20 days after germination, and CMV symptoms and Nia cosuppression were scored until flowering. Mock-inoculated plants were used as controls. All the CMV-inoculated plants exhibited classic CMV symptoms 7 days p.i. None of the 48 CMV-inoculated plants developed Nia cosuppression in the following 3 months of growth, whereas 21 of 48 (44%) of the mock-inoculated plants showed characteristic chlorosis resulting from Nia cosuppression.
Similar experiments were performed using homozygous individuals of transgenic tobacco lines 6b5 and 23b9, which carry a 35S-uidA transgene. These lines exhibit uidA PTGS at a frequency of 100% (9) but at different stages: PTGS is initiated 15 days after germi-nation in 6b5 plants and 2 months postgermination in 23b9 plants. Transgenic 6b5 and 23b9 tobacco plants were inoculated with CMV 7 days after germination, before the setting of uidA PTGS (9) . As a control, plants were mock inoculated. ␤-Glucuronidase (GUS) activity was assessed 2 months after inoculation on the leaves of 12 CMV-inoculated plants and 12 mock-inoculated plants. CMV-infected plants exhibited a high, although variable, GUS activity, whereas mock-inoculated plants exhibited the typical very low GUS activity of silenced plants (Fig. 1 ). The variability in reactivation of the silenced 35S-uidA transgene might be due to either nonuniform infection of CMV throughout the leaves or, more likely, cycling of symptoms and virus accumulation, which occur with CMV in tobacco (10) .
The setting of uidA PTGS in nonsilenced tobacco plants is not prevented by TBRV infection
To test whether other viruses are able to act in a manner similar to CMV in preventing triggering of PTGS, twelve 6b5 tobacco plants were inoculated 7 days after germination with TBRV strain S (11) . The same number of plants were mock inoculated. GUS activity was measured in these plants 2 months p.i. Although symptoms of TBRV infection were clearly visible throughout the life of the plant, both TBRV-and mock-inoculated plants exhibited the typical low GUS activity of silenced plants (Fig. 1) .
The systemic propagation of Nia cosuppression or uidA PTGS in silenced tobacco plants is prevented by CMV infection
To further characterize the interference between virus infection and PTGS, the effect of CMV infection on silenced plants was tested. Chlorotic (silenced) 27-44.7 tobacco plants were CMV inoculated or mock inoculated. Seven days after inoculation, CMV symptoms appeared on newly developing leaves. However, as opposed to the usual spreading of Nia cosuppression, the chlorosis typical of Nia cosuppression was restricted to the leaves that were already developed before inoculation. Newly emerging leaves were green but had symptoms of CMV, indicating that the spread of systemic silencing was impaired. Northern blot analysis showed that the steady-state level of Nia mRNA in newly developing leaves was as high in CMV-infected silenced plants as in CMV-or mock-inoculated nonsilenced plants, whereas no Nia mRNA was detected in mockinfected silenced plants, which is typical of the silenced state ( Fig. 2A) .
Similar experiments were performed with silenced 23b9 tobacco plants. Twelve 53-day-old plants showing very low GUS activity (indicating a silenced state) were inoculated with CMV or mock inoculated. GUS activity was assessed 3 weeks p.i. As observed with silenced 27-44.7-infected plants, newly emerging leaves escaped from silencing and showed a high GUS activity (71 Ϯ 53 pmol MU/min/g), indicating that CMV infection impedes systemic uidA PTGS as well as systemic Nia cosuppression. 
The systemic propagation of uidA PTGS in silenced Arabidopsis plants is prevented by CMV infection
We next tested whether CMV could impede PTGS in Arabidopsis as well as in tobacco. For this purpose, the Arabidopsis 35S-uidA line L1 was infected by CMV. In this line, uidA silencing starts 1 week after germination and occurs at a frequency of 100% (12) . Plants were inoculated 15 days after germination with CMV. At ϳ15 days p.i., symptoms of stunting due to CMV infection were observed on 25% of the plants, whereas other plants were not infected and thus did not express symptoms. GUS activity was assessed 3 weeks after inocula-tion on newly developed leaves. High levels of GUS activity were detected in plants showing symptoms of CMV infection, whereas GUS activity in nonsymptomatic and mock-inoculated plants was very low (Fig. 3) , indicating that CMV prevents systemic PTGS in Arabidopsis, as shown above in tobacco.
Silencing does not affect meristems
Because chlorosis caused by Nia deficiency is not reversible, the appearance of nonsilenced leaves emerging from CMV-inoculated silenced plants suggests that these leaves could arise from a meristem that is not silenced. To test whether meristems are naturally not silenced or whether they recover from silencing on CMV infection, RNA was extracted from leaves and shoot tips of noninfected silenced 27-44.7 plants. Northern blot analysis showed that the Nia steady-state level was higher in shoot tips than in silenced leaves (Fig. 2B) , thus suggesting that part of the shoot tip is not silenced. To further evaluate whether silencing is established in meristems, GUS staining was performed on the stems and shoot tips of silenced homozygous 6b5 plants. Nonsilenced hemizygous 23b9 plants were used as positive controls (Fig. 4A ). Although in silenced 6b5 plants, no blue GUS staining was observed in leaves (not shown) and stem cross sections (Fig. 4B) , dark-blue GUS staining was observed in the shoot apical ( Fig. 4C ) and axillary (Fig. 4B) meristems. This result indicates that silencing does not affect meristems and thus takes place during the development of each leaf. Therefore, the appearance of nonsilenced leaves emerging from CMVinoculated silenced plants suggests that either the setting of PTGS in these leaves or the propagation of the systemic silencing signal to them is impeded by CMV.
Using two PTGS systems (uidA PTGS and Nia cosuppression) and two plant species (tobacco and Arabidop- sis), we showed that systemic CMV infection counteracts systemic PTGS, suggesting a direct competition between viral infection and PTGS. Previous studies showed that Nia cosuppression is initiated in a localized area of the plant (6) . Then, a systemic silencing signal is transmitted from silenced cells to nonsilenced cells, which subsequently undergo cosuppression, reamplify the systemic silencing signal, and transmit it to other nonsilenced cells, leading to cosuppression in the whole plant (7) . CMV infection could interfere with either initiation or propagation of this process. The absence of chlorotic spots (which can be considered indicators of cosuppression initiation) on newly developing leaves of CMV-infected nonsilenced 35S-Nia tobacco plants suggests that the initiation of cosuppression is prevented by viral infection. However, we cannot exclude the possibility that the initiation of Nia cosuppression occurs in single cells and is unable to propagate to the neighboring cells to produce a detectable chlorotic spot because of CMV infection. Thus CMV infection may prevent cell-to-cell and systemic propagation of the silencing signal rather than the initiation of the phenomenon.
It is generally believed that the RNA degradation step of PTGS is mediated by the formation of an RNA duplex, followed by endonucleolytic cleavage. This duplex may result from pairing between mRNA and aberrant RNA produced by the transgene when self-complementary sequences exist within the RNA (13) . Alternatively, this duplex may result from pairing between mRNA and a form of small cRNA synthesized by a cellular RNA-dependent RNA polymerase (RdRP), using mRNA or aberrant RNA produced by the transgene as a matrix (1, 14) . It is noteworthy that the replication of single-stranded RNA viruses involves the formation of genomic negative strand RNA molecules that are used as matrix by the viral replicase. Thus virus replication is presumed to involve the transient formation of RNA duplexes that are potential targets for the cellular degradation machinary involved in PTGS. Therefore, to achieve infection, viruses must inhibit cellular enzymes that could degrade RNA duplexes and/or interfere with virus replication. It has been reported that wild-type Nicotiana clevelandii plants recover from TBRV infection via a PTGS-like mechanism (4), thus indicating that this virus is not a good inhibitor of the cellular PTGS machinary. Conversely, this phenomenon has never been reported for CMV infection, thus suggesting that CMV has developed an efficient strategy to inhibit the cellular degradation machinary involved in PTGS. Therefore, CMV, but not TBRV, could inhibit the degradation of RNA transcribed from transgenes subjected to PTGS.
Alternatively, the systemic movement of CMV infection could compete with the systemic movement of the silencing signal. If it were the case, the impairment of PTGS by CMV, but not TBRV, may reflect that the movements of CMV and TBRV are quite different. CMV is thought to move through altered plasmodesmata as ri-bonucleoprotein complexes lacking visible structure, whereas TBRV moves through tubules in the form of viral particles (15) . At least three proteins are involved in the systemic movement of CMV. The 3a movement protein and the coat protein play an essential role (16) . The 2b protein, thought to be dispensable, also seems to play an important regulatory role in CMV systemic spread (17) . Because PTGS is highly sequence specific, it is generally hypothesized that the silencing signal is a form of RNA (13) . One explanation for the antagonism between CMV infection and PTGS propagation could be a direct interaction between a viral protein involved in virus movement and the silencing signal. Alternatively, the movement of the systemic silencing signal may be blocked by a structural modification of plasmodesmata.
It is known that CMV is not able to enter the meristem (18) . The development of green leaves emerging from CMV-infected chlorotic (silenced) 35S-Nia tobacco plants suggested that nonsilenced leaves emerge from a nonsilenced meristem. This hypothesis was confirmed on noninfected silenced 35S-uidA plants because a dark-blue GUS staining was observed in the shoot apical meristem and in axillary meristems of the stem, whereas the remainder of the stem remained unstained. From these results, we conclude that PTGS does not affect meristems and so takes place during the development of each leaf. Thus the interfering effect of CMV is not likely to occur in the meristem. Therefore, the appearance of nonsilenced leaves emerging from CMV-inoculated silenced plants confirms that the RNA degradation step of PTGS is impeded because of an effect of CMV either on the initiation of silencing in the emerging leaves or on the propagation of the systemic silencing signal to these leaves.
Our finding that CMV infection interferes with PTGS probably reflects an important biological mechanism. Evidence for PTGS-like mechanisms in natural cases of virus resistance in wild-type plants (4, 5) suggests that the ability of viruses to block PTGS could constitute a strategy to counteract this type of resistance. Because it inhibits PTGS, CMV may have developed such a strategy to infect tobacco and Arabidopsis. Conversley, TBRV is unable to prevent PTGS in tobacco, a result that is consistent with the finding that Nicotiana sp. recover from TBRV infection via a PTGS-like mechanism (4). The inhibition of PTGS probably is not restricted to CMV. Recently, it was mentioned that the HC-Pro protein of potyviruses has the property to induce synergical effects in plants infected by nonhomologous viruses (18) and to mediate PTGS suppression (V. B. Vance, personal communication). The ability of certain plant viruses to interfere with PTGS may also have practical implications. Indeed, the commercial use of cosuppression to inhibit the expression of an endogeneous gene (20) or of RNAmediated virus resistance to protect against a particular virus (1) may be impaired because CMV or potyviral infection can reverse cosuppression or RNA-mediated virus resistance in a transgenic variety.
Plant materials
All transgenic lines are homozygous for a single transgene locus. The tobacco line 27-44.7 shows cosuppression of Nia host genes and 35S-Nia transgenes in 40% of the individuals at each generation (8) . The tobacco transgenic lines 6b5 and 23b9 and the Arabidopsis transgenic line L1 show PTGS of the 35S-uidA transgene in 100% of the individuals at each generation (9, 12) .
Viruses CMV strain R is a subgroup II strain that induces a mild diffuse mosaic on tobacco and mild stunting on Arabidopsis thaliana ecotype Columbia (Col-0). We used a satellite RNA-free R-CMV generated from infectious clones (21) . TBRV strain S induces chlorotic local lesions and systemic streaking and mottling on tobacco (11) . Plants were inoculated with a 10ϫ (w/v) dilution (50 mM K 2 HPO 4 ) of sap from infected tobacco plants.
Nucleic acid analysis
RNA was extracted from leaves, and Northern blots were probed with the tobacco Nia2 cDNA as described previously (6) .
GUS assays
GUS assays were performed essentially as described by Jefferson (22) . Soluble proteins were extracted from developing leaves in phosphate buffer (50 mM NaPO 4 , pH 7, 10 mM Na 2 EDTA, 40 mM ␤-mercaptoethanol) without detergent. One microgram of soluble protein was incubated with 2 mM 4-methylumbelliferyl-␤-D-glucuronide in a 200-l final reaction mixture. Fluorescence was measured during 20 min at 1-min intervals with a Fluoroscan II fluorimeter (Labsystems). Histochemical staining for GUS activity was made according to Jefferson (22) .
